Abstract: Numerous publications report the existence of intracellular "Si" storage pools in diatoms representing intracellular concentrations of ca. 19-340 mM depending on the species. "Si" storage pools in diatom cells, if present, are supposed to accumulate "Si" for the production of new valves. The accumulated "Si" is then transported into the silicon deposition vesicle (SDV) where the new cell wall is synthesized. Interestingly, the reported concentrations of intracellular "Si" within the storage pool sometimes strongly exceed the solubility of monosilicic acid (ca. 2 mM pH < 9). Various types of "Si" storage pools are discussed in the literature. It is usually assumed that "Si" species are stabilized by the association with some kind of organic material such as special proteins, thus forming a soluble silicic acid pools inside the cells. In an effort to mimic the above phenomenon, we have used a variety of neutral or cationic polymers that stabilize two soluble forms of "Si," silicic and disilicic acids. These polymers include amine-terminated dendrimers, amine-containing linear polymers (with primary, secondary or tertiary amines), organic ammonium polymers, polyethylene glycol (PEG) neutral polymers, co-polymers (containing neutral and cationic parts) and phosphonium endgrafted PEG polymers. All the aforementioned polymeric entities affect the rate of silicic acid polycondensation and also the silica particle growth. Synergistic combinations of cationic and anionic polymers create in situ supramolecular assemblies that can also affect the condensation of silicic acid. Possible mechanisms for their effect on the condensation reaction are presented, with an eye towards their relevance to the "Si pools," from a bioinspired/biomimetic point of view.
Introduction
Biosilicification is the formation of siliceous materials in nature (Fig. 1) . It also includes uptake, storage, transport and processing of "soluble" forms of silica by living organisms. The diatom [1] has been used as a model system for the study of biosilicification processes and as a source of inspiration for biomimetic Fig. 1 Diatom frusules from the Baikal Lake sediment (800 m depth), 8000-10 000 years old. Reproduced from Reference [47] with permission from the American Chemical Society.
approaches [2] [3] [4] [5] [6] [7] . Other biosilica-forming organisms are protists (see for review [47] ), sponges [8] [9] [10] [11] [12] and plants [13] [14] [15] .
It has been suggested that several diatom species preferentially take up silicon ("Si") as monosilicic acid [Si (OH) 4 ] [16, 17] via special Silicon Transport proteins (SIT proteins) [18] . However, the intracellular "Si" processing, transport, and transfer into the Silica Deposition Vesicle (SDV) are not well understood [19, 20] . Numerous papers refer to the existence of intracellular "Si" storage pools in diatoms representing intracellular concentrations of ca. 19-340 mM depending on the species [21] [22] [23] [24] .
Silicon storage pools in diatom cells, if present, are supposed to accumulate "Si" for the production of new valves. The accumulated "Si" is then transported into the SDV where the new cell wall is synthesized. Interestingly, the reported concentrations of intracellular "Si" within the storage pool sometimes strongly exceed the solubility of monosilicic acid (ca. 2 mM pH < 9) [22] . Various types of "Si" storage pools are discussed in the literature. It is usually assumed that "Si" species are stabilized by the association with some kind of organic material such as special proteins, thus forming a soluble silicic acid pools inside the cells. However, there is no evidence for the presence of "Si" inside the vesicles observed in diatoms yet. In contrast, "Si"-containing vesicles could be identified during the formation of the siliceous spicules of sponges [25] .
The idea of silicic-acid stabilization by organic material has meanwhile lead to various in vitro investigations in order to characterize the influence of the biomolecules found in diatoms upon silicic acid. For example, Kinrade et al. discovered by 29 Si NMR spectroscopy that carbohydrate-like molecules can covalently interact with silicate to form 5-and 6-coordinated stable silicon complexes. These observations may be relevant for the understanding of "Si" transport and intracellular stabilization because polysaccharides are indeed found to be attached to diatom biosilica [26] . They may also imply that polysaccharide-like polymers (and "small" molecules) can affect "Si" transport and/or condensation [27] [28] [29] [30] [31] .
The idea of polyamine-stabilized sols could recently be supported by in vitro studies of silicic acid condensation in the presence of 1-vinylimidazole [32] . Furthermore, Annenkov et al. studied the interaction between poly(vinyl amine) and silicic acid in solution [33] . The formed soluble poly(vinyl amine)/silica composite nanoparticles were discussed as a species relevant with respect to the aforementioned stable "silicon storage pools" in diatoms. Interestingly, amine-terminated polyaminoamide dendrimers [34] [35] [36] [37] and other polymers [38] [39] [40] [41] [42] (at sufficiently low concentrations, e.g., 40-100 ppm) were previously shown to slow down silicic acid polycondensation.
It is, therefore, an important issue to gain further insight into the interaction between polymeric entities and silicic acid species in solution at a molecular level. The aim of the present paper is to compare the silicic acid stabilizing performance of a number of polymers (see Fig. 1 ).
Experimental section
Detailed experimental protocols have been described in previous publications [35, 36, [43] [44] [45] 
Silicic acid polycondensation protocols
-Silicic acid polycondensation in the absence of polymers ("control" protocol). One hundred mL from the 500 ppm sodium silicate stock solution (see above) was placed in a polyethylene beaker which charged with a teflon-covered magnetic stirring bar. The pH of this solution was initially ∼11.8 and is subsequently adjusted to 7.00 ± 0.1 by addition of HCl and NaOH (the change in the resulting volume was about 3 % and was taken into account for subsequent calculations). The beaker was then covered with plastic membrane and set aside without stirring. The solutions were checked for molybdate-reactive silica by the silicomolybdate method every 2 h for the first 12 h or after 24, 48, 72 h time intervals after the onset of the pH adjustment to 7.0. There must be strict time control in measuring molybdate-reactive silica, in order to avoid conversion of higher oligomers/colloidal silica to silicic and disilicic acids. Specifically, after the ammonium molybdate and HCl solutions were added to a working sample, a period of 10 min has to pass until the solution of oxalic acid is added to the same sample. Then, another 2-min period has to follow until the final measurement. All samples (control and in the presence of PEGs) were treated in precisely the same way. Separate experiments were performed in which the working solutions were stirred, but no difference in molybdate-reactive silica levels was found, compared to the quiescent solutions. -Silicic acid polycondensation in the presence of polymers. One hundred mL portions of the 500 ppm sodium silicate stock solution (see above) were placed in polyethylene containers and charged with teflon-covered magnetic stir bars. In each container, different volumes of polymers (from the prepared 10 000 ppm stock solutions) were added to achieve desirable polymer concentration. These ranged from 20-40-60-80-100 ppm and the added volumes were 200-400-600-800-1000 μL. After that, the same procedure as the "control" protocol was followed.
Results and discussion

Polymers as stabilizers of "soluble" silica
The use of polymeric inhibitors or dispersants to control silicic acid polycondensation is principally based on two approaches: inhibition and dispersion. Inhibition is defined as the prevention of silicic acid oligomerization or polymerization. As a result, silicic acid remains soluble and, therefore, formation of colloidal silica is prevented. Dispersion, on the other hand, is the prevention of particle agglomeration to form larger-size particles and the prevention of the adhesion of these particles onto surfaces. In this paper we will consider the "inhibition" approach.
The polymers that have been tested can be categorized in the families shown in Table 1 . Schematic structures of the polymers used are shown in Fig. 2 .
The selected polymers show a variety of structural features. All contain some degree of cationic charge. Some (PAMAM-1, PAMAM-2, PEI, PALAM, PAMALAM) possess cationic charge exclusively. Others (PPEI, PCH) are zwitter-ionic, i.e., they have cationic and anionic charge on the polymer backbone. Some polymers possess positive charge by virtue of protonated amine groups (PAMAM-1, PAMAM-2, PEI, PALAM), others have a "pure" cationic charge due to a tertiary N group (PAMALAM). The two co-polymers (PVP-DMAEM and PAMALAM) possess a neutral moiety (pyrolidone and acrylamide, respectively), together with the cationic one.
These additives have been tested at varying concentration for their ability to stabilize molybdate-reactive silica (mono-and di-silicic acids). Below, silicic acid stabilization results after 24 h are presented at 40 ppm concentration for all polymers (Fig. 3) .
It becomes apparent that all polymers (except PVA and PCH) show variable stabilization activity (higher silicic acid levels than the "control"). PAMAM-1 and PAMAM-2 (both have their surface amine groups protonated at pH 7) are very effective inhibitors at 40 ppm. The presence of protonated amine groups is not the only necessary condition for good inhibition. Notice that polymers PEI and PALAM (also having their amine groups protonated at pH 7) show substantially reduced performance. This could be explained by the fact that excessive cationic charge causes the polymeric additive to be entrapped and hence de-activated within the colloidal silica matrix. PAMALAM, which is a polymer that possesses a tertiary N group is a "mediocre" stabilizer. From the zwitter-ionic polymers (PPEI and PCH), PPEI is a very effective stabilizer. In this case, it appears that the negative charge (-PO 3 H -for PPEI) "balances" the positive charge in such a way that the polymer continues to be active, but inhibitor entrapment and deactivation is stopped. For the PCH polymer, perhaps the anionic charge (due to -PO 3 H -) is too excessive and the cationic charge (necessary for inhibition) is "neutralized." The phosphonium polymer PEGP + -4000 exhibits excellent stabilization performance, stabilizing 370 ppm silicic acid. The neutral polymer PEG-10 000 is also a good stabilizer, keeping 345 ppm silicic acid soluble.
It is interesting to evaluate the effect of polymer concentration increase on the levels of silicic acid measured. Thus, the polymer concentration was doubled (an increase from 40 ppm to 80 ppm). The effect in stabilization activity is shown in Fig. 4 .
PAMAM-1 maintains its performance, in contrast to PAMAM-2, whose activity is dramatically compromised (there is a drop in silicic acid level from 374 to 238 ppm). PEI also shows some minor reduction. PEGP + -4000 and PEGP-1000 remain constant. PALAM reduces its previous activity (a drop from 270 to 220 ppm). PPEI shows a minor increase (from 363 to 373 ppm). The polymers that substantially increase their activity are PAMALAM (from 225 to 300 ppm), PVP-DMAEM (from 220 to 370 ppm), PCH (from 180 to 250 ppm). Further dosage increase, however, caused no further enhancement (data not shown). For comparison reasons, Fig. 5 shows the concentration-dependence increase or decrease of silicic acid levels per polymer. It is apparent that polymer concentration increase has detrimental effects on stabilization activity for certain polymers. It can be explained upon examination of the competing reactions taking place concurrently. They are the following. a) Polymerization of silicic acid. This occurs through an S N 2-like mechanism that involves attack of a silicic acid monomer on a second silicic acid molecule. This pathway generates at first short-lived di-silicic acid, which in turn continues to polymerize in a random way to eventually yield colloidal silica particles. b) Silicic acid stabilization by the cationic additive. This is the actual stabilization step and occurs presumably through cation-anion and hydrogen bonding cooperative interactions. c) Flocculation between the polycationic polymer and the negatively charged colloidal silica particles (at pH 7) that are formed by the uninhibited silicic acid polymerization.
The cationic polymer is trapped within the colloidal silica matrix, based on process (c). This is demonstrated by the appearance of a light flocculent precipitate (or dispersion at times). Polymer entrapment causes its depletion from solution and its deactivation. Therefore, only a portion of the polymer is available to continue inhibition at much lower levels than initially added to the polymerization medium. Thus, soluble silicic acid levels continue to decrease because eventually there is not sufficient polymer to perform the stabilization. Polymer entrapment is directly proportional to cationic charge density. For example, PEI, PALAM and PAMAM-2 with high positive charge density creates composite precipitates with colloidal silica rapidly.
Stabilization of molybdate-reactive silica by neutral polymers
The data presented in Figs. 3-5 on PVA and PEG are intriguing. Both polymers are neutral at all "physiological" pH values, and, yet, PVA shows no stabilization activity at all. In contrast PEG-10 000 is an effective stabilizer of silicic acid. The only viable interaction of the PEG backbone with silicic acid is hydrogen bonding. It should be noted that PVA can also use its -OH moieties as hydrogen bond acceptors from the silanol groups. Apparently, such hydrogen bonds offer no advantage to silicic acid stabilization. In turn, ethereal oxygens from the PEG backbone can (and apparently are) form hydrogen bonds with the silanol groups of silicic acid. This is demonstrated schematically in Fig. 6 . Table 2 Silicic acid stabilization results during the first 8 h of the condensation reaction, at 80 ppm PEG concentration. Control  PEG-1500  PEG-2000  PEG-6000  PEG-10 000  PEG-12 000  PEG-20 000   0  500  500  500  500  500  500  500  1  433  436  435  450  458  465  460  2  366  378  403  411  411  418  415  3  296  340  359  374  411  411  399  4  256  307  318  367  407  395  392  5  234  292  304  355  381  393  373  6  215  274  300  363  388  392  375  7  204  256  300  366  385  388  370  8  188  243  287  364  364  373  363 In order to get further insight to the silicic acid stabilization mechanism by PEG oligomers/polymers, we have carried out the following analysis. It refers to PEG 10 000, but can be generalized for PEG polymers of various molecular weights. This analysis is based on the data shown in Table 2 .
Time (h)
Every O atom of the PEG backbone can (theoretically) form a maximum of two H-bonds, as also shown in Fig. 6 . This means that each PEG 10 000 molecule (containing 227 O atoms) can stabilize a maximum number of 454 molecules of silicic acid. By considering that 60 ppm (6 μM) of PEG 10 000 stabilize 177 ppm molybdate-reactive silica (370-193 = 177 ppm or 2.94 mM silicic acid above the "control" level) after 8 h, the molar ratio of Si:PEG is 490. This corresponds to virtually 100 % loading of the PEG 10 000 with silicic acid molecules, and the PEG polymer utilizes all its oxygen atoms to stabilize silicic acid at that concentration. By repeating the analysis for other PEGs at various concentrations, % loadings can be obtained for each experiment. The meaning of "% loading" refers to the% of O atoms on the PEG chain interacting with silicic acid molecules via hydrogen bonding. The calculation of "% loading" is based on the hypothesis that the theoretical maximum number of silicic acid molecules stabilized by a single PEG chain is double the number of oxygen atoms present on the PEG backbone. Again, the chemical basis for this hypothesis is that each O atom possesses two lone pairs, which can act as H-bond acceptors from two H-O-Si moieties.
It is given by the following simple equation:
(# of silicic acid molecules stabilized) % PEG loading * 100 2 (# of oxygen atoms present on the PEG backbone) = × These curves are shown in Fig. 7 . Based on this analysis, the dependence of Si:O ratio on PEG concentration can be calculated, see Table 3 . The maximum value of the Si:O ratio should not exceed the theoretical maximum of 2 in agreement with our observations. Amorphous silica precipitates were collected in the presence of PEGs after 8 h and 3 days, and studied by SEM, Fig. 8 . A general observation is the tendency for particle aggregation upon prolonged silicic acid polymerization in the presence of PEG. Moreover, silica particles seem to possess the common spherical morphology. Lastly, with increasing PEG MW (i.e., increased chain length) there is a decrease in particle size and more pronounced aggregation, obviously due to PEG association with the silica particles as corroborated by the NMR and FT-IR results (not shown here). A systematic enhancement of aggregation upon PEG chain length increase was also observed by Vong et al. [46] .
Conclusions and perspectives
There are numerous open questions regarding pathways in nature for silicic acid transport, storage, polycondensation and finally biosilica production. Biopolymers play a profound role in every step of the process [47] [48] [49] [50] . Our research focuses on bioinspired/biomimetic approaches to model the ability of living organisms (diatoms and sponges) to store silicic acid (or other forms of silica) prior to its polycondensation to produce amorphous silica [44] . In this paper we have presented in a comparative way the ability of certain polymers (cationic and neutral) to stabilize silicic acid. These molecular machineries could be envisioned as direct analogs of natural systems to preconcentrate silicic acid prior to biosilica synthesis. 
